Abstract: The nature of fractional quantum Hall (FQH) states is determined by the interplay between the Coulomb interaction and the symmetries of the system. The unique combination of spin, valley, and orbital degeneracies in bilayer graphene is predicted to produce novel and tunable FQH ground states. Here we present local electronic compressibility measurements of the FQH effect in the lowest Landau level of bilayer graphene. We observe incompressible FQH states at filling factors ν = 2p + 2/3 with hints of additional states appearing at ν = 2p + 3/5, where p = −2, −1, 0, and 1. This sequence of states breaks particle-hole symmetry and instead obeys a ν → ν + 2 symmetry, which highlights the importance of the orbital degeneracy for many-body states in bilayer graphene.
Main Text:
The charge carriers in bilayer graphene obey an electron-hole symmetric dispersion at zero magnetic field. Application of a perpendicular magnetic field B breaks this dispersion into energy bands known as Landau levels (LLs). In addition to the standard spin and valley degeneracy found in monolayer graphene, the N = 0 and N = 1 orbital states in bilayer graphene are also degenerate and occur at zero energy (1) . This results in a sequence of single-particle quantum Hall states at ν = 4M e 2 /h, where M is a nonzero integer (2) .
When the disorder is sufficiently low, the eightfold degeneracy of the lowest LL is lifted by electron-electron interactions, which results in quantum Hall states at all integer filling factors (3, 4) . The nature of these broken-symmetry states has been studied extensively both experimentally and theoretically, with particular attention given to the insulating ν = 0 state. Multiple groups have been able to induce transitions between different spin and valley orders of the ground states using external electric and magnetic fields, which indicates the extensive tunability of many-body states in bilayer graphene (6) (7) (8) (9) . The interplay between externally applied fields and intrinsic electron-electron interactions, both of which break the degeneracies of bilayer graphene, produces a rich phase diagram not found in any other system.
Knowledge of the ground state at integer filling factors is especially important for investigating the physics of partially filled LLs, where in exceptionally clean samples, the charge carriers condense into fractional quantum Hall (FQH) states. The above-mentioned degrees of freedom as well as the strong screening of the Coulomb interaction in bilayer graphene are expected to result in an interesting sequence of FQH states in the lowest LL (10) (11) (12) (13) (14) (15) .
Indeed, partial breaking of the SU(4) symmetry in monolayer graphene has already resulted in sequences of FQH states with multiple missing fractions (17) (18) (19) (20) (21) (22) .
Experimental observation of FQH states, however, has proven to be difficult in bilayer graphene. Hints of a ν = 1/3 state were first reported in transport by Bao and coworkers (23) .
Very recently, Ki and coworkers observed robust FQH states at ν = −1/2 and ν = −4/3 in a current-annealed suspended bilayer sample (24) . Here, we report local compressibility measurements of a bilayer graphene device fabricated on hexagonal-Boron Nitride (h-BN), performed using a scanning single-electron transistor (SET). Our technique allows us to directly probe the thermodynamic properties of the bulk of the sample (25, 26) . We measure the local chemical potential µ and the local inverse compressibility dµ/dn by changing the carrier density n with a proximal graphite gate located 7.5 nm from the graphene and monitoring the resulting change in SET current. An optical image of the contacted device is shown in Fig. 1A . Figure 1B shows a measurement of the inverse compressibility as a function of filling factor at B = 2 T. Incompressible features are present at all nonzero multiples of ν = 4, indicating that we are measuring bilayer graphene. The full width at half maximum of the ν = 4 peak provides a measure of the disorder in the system and is on the order of 10 10 cm −2 , similar to that observed in suspended bilayers (3, 27) . Broken-symmetry states at ν = 0 and ±2 are also visible at B = 2 T, which further indicates the cleanliness of the sample.
In Fig. 1B , the inverse compressibility appears more negative for |ν| < 4 than in higher LLs, and we explore this behavior in more detail below. The average inverse compressibility between 8 and 11.5 T is plotted as a function of filling factor in Fig. 1C . All of the integer broken-symmetry states have fully developed at these magnetic fields, and averaging over a range of fields helps to clarify the underyling behavior of the inverse compressibility by reducing fluctuations caused by localized states. The background inverse compressibility between integer quantum Hall states is close to zero at 4 < ν < 8, but is markedly more negative for 0 < ν < 4. The more negative inverse compressibility in the lowest LL is consistent with previous observations in monolayer graphene (21, 28, 29) .
Even within the lowest LL, the background inverse compressibility has two different characteristic shapes. It is more negative and less flat when starting to fill from an even filling factor than when starting to fill from an odd filling factor. One might expect that as the charge neutrality point are more incompressible than those at higher filling factors, and they persist to fairly low magnetic fields, with the last hints disappearing around 6 T.
The lineplots in Figs. 2B and 2D show the average inverse compressibility in each filling factor range from 7.9 to 11.9 T. They highlight the FQH states identified above as well as the different behaviors exhibited by the inverse compressibility, which shows especially strong divergences as filling factor is increased from ν = 0 and ν = 2. Similar to ν > 0, the background inverse compressibility at negative filling factors also displays the same even-odd effect with more negative values when starting to fill from an even filling factor. We note that the FQH states coincide with areas of more negative background inverse compressibility.
This correlation is consistent with previous experiments where a negative background compressibility was attributed to Coulomb interactions between charge carriers (28, 31) . Despite theoretical predictions of robust FQH states in the N = 2 LL and experimental hints in other samples (9), we do not observe any FQH states between |ν| = 4 and 8.
Remarkably, the observed sequence of FQH states and the background inverse compressibility pattern break particle-hole symmetry and instead follow a ν → ν + 2 pattern. The Our observed FQH sequence also suggests possible orbital polarization of the FQH states.
The FQH states we observe at ν = 2p + 2/3 could be "singlet" states of N = 0 and N = 1 orbitals, or could arise from a 2/3 state with full orbital polarization. The next strongest FQH states we observe occur at ν = 2p + 3/5, which must have some nonzero orbital polarization. It is worthwhile to note that the strongest FQH states at multiples of ν = 1/5
do not have even numerators, in contrast with recent theoretical predictions (15) .
The FQH states that we observe are different from those seen in previous experiments on bilayer graphene, which may point to different patterns of symmetry-breaking in the different systems. Ki and coworkers observed FQH states at ν = −4/3, and −1/2, with hints of additional features at ν = −8/5 and −2/3 (24); the only FQH state seen in both devices is ν = −4/3. It is also possible that the effective interactions present in the two samples may be different due to differences in screening between a suspended bilayer and a bilayer on a substrate. The fact that different sample preparations result in different FQH states could be a sign of the theoretically predicted tunability of the FQH effect in bilayer graphene (10, 12, 14) . We can integrate the inverse compressibility as a function of density to obtain the energy cost of adding an electron to the system, as discussed in ref. arises from the orbital degree of freedom, we can fully determine the sequence of symmetrybreaking in the sample: valley polarization is first maximized, then spin polarization, and finally orbital polarization, as illustrated in Fig. 3C . The large valley polarization in our sample relative to other bilayer devices may be caused by interactions with the substrate.
Large band gaps have been observed in monolayer graphene samples on h-BN with a proximal gate, which have been attributed to the breaking of sublattice symmetry by h-BN or screening from the nearby metal (33, 35, 36) . It is also possible that the difference in distance between the top layer to the graphite gate and the bottom layer to the graphite gate is creating a potential difference in the two layers (37) , or that the different environments experienced by each layer play a role. Even if the ν = 0 gap is caused by single-particle effects, its constancy over our entire field range is somewhat surprising because both the potential difference between the layers and the Coulomb energy are expected to contribute to the gap (38) .
All of the measurements described above were performed at a single location on the sample. Local measurement allows us to find the cleanest regions and study the properties of FQH states in those areas. In addition, the local nature of our probe allows us to, in effect, measure multiple independent samples by measuring at different locations. Figures S1-S2
Supplementary Materials:
Effects of current annealing
The data presented in the main text were taken after multiple rounds of current annealing, with a maximum source-drain voltage V sd = 10 V. Figure S1 shows the progression of the behavior before and after current annealing. Prior to current annealing the sample, we observed all the integer broken-symmetry states between ν = ±4, but no FQH states were apparent. After current annealing to 4 V, we observed hints of incompressible states at ν = 2/3 and ν = 8/3 [ Fig S1A] . These states became more robust after annealing to 8 V 
Conversion of gate voltage to filling factor with large geometric capacitance
The proximity of the graphite gate resulted in a large geometric capacitance, C G , to the sample, causing the total capacitance, C T , to depend strongly on the compressibility of the sample. Incompressible states dramatically alter C T because quantum capacitance dominates over geometric capacitance in this regime. Figure S2 shows the compressibility as a function of back-gate voltage, V bg , and the very wide integer quantum Hall states clearly demonstrate the filling-factor dependent change in the total capacitance.
In order to assign filling factor, we use the distance between ν = 2/3 and 1 to find C T in the ν = 0 to 1 range. The equation,
where dµ/dn is the average background inverse compressibility between ν = 0 and 1, allows us to determine C G . The extracted C G corresponds to a back-gate to density conversion ratio of 2.7x10 16 cm −2 /V, which is reasonable given a h-BN thickness of 7.5-8 nm and a dielectric constant a bit less than 4.
To find C T in a different filling factor range, we then use Equation 1, the average compressibility in this new filling factor range, and C G , which we assume is constant. The extracted C T then provides the conversion between the back-gate voltage and density. Throughout the manuscript, we use the same C T for −4 < ν < −3, 0 < ν < 1, and their ν → ν + 2 analogues. We also use a single C T for filling factors between ν = −3 and −2, ν = 1 and 2, and their ν → ν + 2 counterparts. For |ν| > 4, we use the geometric capacitance.
Materials and Methods
Graphite was mechanically exfoliated onto an O 2 plasma-cleaned doped Si wafer capped with 285 nm of SiO 2 . Suitable graphite pieces were found using a combination of optical microscopy and atomic force microscopy (AFM). A 7.5 nm thick piece of hexagonal-boron nitride (h-BN) was then transferred onto the graphite using the process detailed in ref. (33) .
A hybrid monolayer-bilayer graphene flake was then transferred onto the h-BN using the same method. Contacts were defined to the graphene and graphite using electron-beam lithography before thermal evaporation of Cr/Au (1 nm/85 nm) contacts and liftoff in warm acetone. The sample was cleaned in a mixture of Ar/H 2 at 350
• C before each transfer step and after liftoff, and it was further cleaned using an AFM tip. Measurements were made in a 3 He cryostat at approximately 450 mK. The sample was cleaned in the cryostat using current annealing. The sample measures 8 µm from contact to contact and is 4 µm wide.
All measurements presented here were made on the bilayer side of the flake.
To fabricate the scanning SET tip, a fiber puller was used to make a conical quartz tip. Al leads (16 nm) were evaporated onto either side of the quartz rod, and following an oxidation step, 7 nm of additional Al was evaporated onto the tip to create the island of the SET. The diameter of the SET is approximately 100 nm, and it was held 50-100 nm above the graphene flake during measurements. Compressibility measurements were performed using AC and DC techniques similar to those described in refs. (21, 27) . The SET serves as a sensitive measure of the change in electrostatic potential δφ, which is related to the chemical potential of the graphene flake by δµ = −eδφ when the system is in equilibrium.
In the AC scheme used to measure dµ/dn, an AC voltage is applied to the graphite gate to weakly modulate the carrier density of the flake, and the corresponding changes in SET current are converted to chemical potential by normalizing the signal with that of a small AC bias applied directly to the sample. For DC measurements, a feedback system was used to maintain the SET current at a fixed value by changing the tip-sample bias. The corresponding change in sample voltage provides a direct measure of µ(n). and −2. The spacing between integer quantum Hall states also varies due to differences in background compressibility.
